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O C E A N O G R A P H Y
Dimorphism in cryptophytes—The case of  
Teleaulax amphioxeia/Plagioselmis prolonga  
and its ecological implications
A. Altenburger1*†, H. E. Blossom2, L. Garcia-Cuetos3, H. H. Jakobsen4, J. Carstensen4, 
N. Lundholm3, P. J. Hansen5, Ø. Moestrup6, L. Haraguchi4*†‡
Growing evidence suggests that sexual reproduction might be common in unicellular organisms, but observations 
are sparse. Limited knowledge of sexual reproduction constrains understanding of protist ecology. Although 
Teleaulax amphioxeia and Plagioselmis prolonga are common marine cryptophytes worldwide, and are also important 
plastid donors for some kleptoplastic ciliates and dinoflagellates, the ecology and development of these protists 
are poorly known. We demonstrate that P. prolonga is the haploid form of the diploid T. amphioxeia and describe 
the seasonal dynamics of these two life stages. The diploid T. amphioxeia dominates during periods of high dissolved 
inorganic nitrogen (DIN) and low irradiance, temperature, and grazing (winter and early spring), whereas the 
haploid P. prolonga becomes more abundant during the summer, when DIN is low and irradiance, temperature, 
and grazing are high. Dimorphic sexual life cycles might explain the success of this species by fostering high 
genetic diversity and enabling endurance in adverse conditions.
INTRODUCTION
Cryptophytes are important unicellular primary producers and 
ubiquitous components of plankton assemblages. Cryptophytes are 
nontoxic and considered good quality food for other protists. Their 
small size, varying between 4 and 50 m, puts them at the base of the 
food web, consumed by a wide variety of organisms. Knowledge of the 
relative importance of cryptophytes within marine phytoplankton 
communities is still scarce. This knowledge gap has persisted because 
of difficulties in identifying cryptophytes to species level by light 
microscopy and because the delicacy of their cell structures makes it 
difficult to fix these cells with standard methods (1). It is well estab-
lished , however, that some cryptophytes are important plastid donors 
for kleptoplastidic dinoflagellates and ciliates in the plankton (2).
The cryptophyte Teleaulax amphioxeia occurs worldwide and 
serves as plastid donor to the ciliates Mesodinium major and 
Mesodinium rubrum (3). Very little is known about M. major, but 
M. rubrum is an important food source and a plastid donor for the 
dinoflagellates Amylax triacantha and Amylax buxus (4, 5) and at 
least six species of Dinophysis [reviewed in (6)]. The cryptophyte 
species T. amphioxeia is a particularly important food source in 
nature, as investigations on natural populations have shown that 
chloroplasts found in M. rubrum (7) and Dinophysis acuminata (8) 
were predominantly from T. amphioxeia. It has been demonstrated 
that the cosmopolitan M. rubrum can use chloroplasts from different 
species of Teleaulax but are unable to use chloroplasts from other 
cryptophyte genera (3, 7). Thus, the coupling of taxonomy and ecology 
is essential to gain a better understanding of the role of cryptophytes 
in aquatic ecosystems.
Traditionally, cryptophyte systematics has been based on bilip-
rotein types and various morphological traits, such as position of 
the nucleomorph, ultrastructural characteristics of the flagellar root 
apparatus, variations in the furrow/gullet complex, the inner peri-
plast component (IPC; consisting of either polygonal plates or a 
continuous sheet), and the surface periplast component (SPC) (9). 
Following advances in molecular tools, recent research has revealed 
that biliprotein type seems to be congruent with molecular phylog-
enies, but the traditionally definitive morphological trait of IPC struc-
ture is not, thus reducing its taxonomic importance (10). In molecular 
studies on cryptophytes, several clades consisting of species complexes 
stand out as not congruent with their morphological, ultrastructural 
characteristics, such as Chroomonas/Komma, Rhodomonas/ Rhinomonas/
Storeatula, Guillardia theta/Hanusia phi, and Geminigera/ Plagioselmis/ 
Teleaulax (11).
An increasing number of phytoplankton species, including crypto-
phytes, are reported to have complex life cycles that involve more 
than one morphotype, and in some cases, they have previously been 
identified as different species (12, 13). Proteomonas sulcata was the 
first example of a cryptophyte species in which a dimorphic life cycle 
was described, and the two forms can be distinguished by size, peri-
plast structure, the configuration of the flagellar apparatus, and the 
quantity of nuclear DNA (12). Previously established cryptophyte 
genera have also been suggested to be part of a potential dimorphic 
life cycle as Campylomonas and Cryptomonas, which have identical 
18S ribosomal DNA (rDNA) sequences but differ by having a sheet-
like or a plated periplast, respectively (14). Whether or not these 
two forms also represent haploid and diploid stages of the life cycle 
is unknown. The authors called the form with plated periplast 
“cryptomorph” and the one with sheet-like periplast “campylomorph” 
(14). On the basis of similarities in DNA sequences, it has been sug-
gested that dimorphism could be a common trait among the crypto-
phytes (10) and that each species has a form with plated periplast 
1The Arctic University Museum of Norway, UiT–The Arctic University of Norway, 
9006 Tromsø, Norway. 2Aquatic Ecology Unit, Department of Biology, Lund University, 
Sölvegatan 37, 22362 Lund, Sweden. 3Natural History Museum of Denmark, University 
of Copenhagen, Gothersgade 130, 1123 Copenhagen, Denmark. 4Department of 
Bioscience, Aarhus University, Frederiksborgvej 399, 4000 Roskilde, Denmark. 5Marine 
Biological Section, University of Copenhagen, Strandpromenaden 5, 3000 Helsingør, 
Denmark. 6Marine Biological Section, University of Copenhagen, Universitetsparken 
4, 2100 Copenhagen Ø, Denmark.
*Corresponding author. Email: andreas.altenburger@uit.no (A.A.); lumi.haraguchi@
ymparisto.fi (L.H.)
†These authors contributed equally to this work.
‡Present address: Marine Research Centre, Finnish Environment Institute (SYKE), 
00790 Helsinki, Finland.
Copyright © 2020 




for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 










Altenburger et al., Sci. Adv. 2020; 6 : eabb1611     11 September 2020
S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E
2 of 8
and an alternate form with sheet-like periplast. Therefore, dimorphism 
provides a potential explanation for the incongruence of the peri-
plast structure of cryptophytes in molecular phylogenies found in 
and among different studies (15). A description of life cycle stages 
should hence involve investigations of ploidy and a careful taxonom-
ical review in addition to the comparison of DNA sequences, espe-
cially when two formerly distinct genera are involved. Ecological 
aspects of the dimorphic life cycles remain understudied, limiting 
our interpretation of the significance of those strategies in nature.
This is the first study that links dimorphic life cycles and ecology 
in cryptophytes. We found a significant correlation between the dis-
tribution of two species and dissolved inorganic nitrogen (DIN) in 
environmental samples. It turned out that these species were two life 
cycle stages of the same species. Life cycle stage changes were ob-
served in cultures under constant light and temperature regime. To 
elucidate the long-suspected dimorphism of T. amphioxeia and 
Plagioselmis prolonga (14, 16) and its ecological implications we (i) 
assessed potential dimorphism by analyzing a time series of the 
abundance of these cryptophytes in a temperate mesohaline shallow 
estuary (Roskilde Fjord, Denmark), (ii) investigated similarities in 
the 18S rDNA of species in the Plagioselmis/Teleaulax/Geminigera 
clade, (iii) investigated the occurrence of nuclear phase changes by 
comparing the amount of DNA in P. prolonga and T. amphioxeia, 
and (iv) compared the morphology of P. prolonga and T. amphioxeia 
using scanning electron and light microscopy to address the taxo-
nomic revision of the two species.
RESULTS
In situ dynamics
Overall, the two populations, P. prolonga and T. amphioxeia, co- 
occurred and displayed similar seasonal dynamics in Roskilde Fjord 
(Fig. 1A). Both populations were present in all observations, with the 
highest abundances in March (early spring) in both years (Fig. 1A). 
The lowest abundances were observed in June to July 2016 and 
April to May 2017 (Fig. 1A). During winter and early spring, the 
abundance of T. amphioxeia was higher than P. prolonga (Fig. 1A). 
For the rest of the year, the cell numbers of the two populations 
were similar but with higher cell numbers of P. prolonga compared 
to T. amphioxeia in May to October 2016, April to May 2017, and 
July to August 2017 (Fig. 1A).
During spring, inorganic nutrients (both nitrogen and phosphorus) 
are depleted simultaneously (Fig. 1B). DIN and the ratio between cell 
abundances of P. prolonga and T. amphioxeia (Rcrypto) exhibited 
almost inverse patterns as the ratio increased with decreasing DIN 
and vice versa (Fig. 1B). This was not observed for dissolved inor-
ganic phosphorus (DIP) (Fig. 1B and fig. S1). The generalized addi-
tive model (GAM) analysis revealed a significant linear relationship 
with DIN (P < 0.0001) and significant time departures (P < 0.0001) 
from this relationship (Fig. 1, C and D). The time trajectories gen-
erally followed the DIN relationship with idiosyncratic departures 
typically lasting 1 to 2 months. The estimated relationship to DIN 
indicated that P. prolonga on average would be more abundant than 
T. amphioxeia when DIN is <1.6 M.
Phylogeny
The genera Teleaulax, Plagioselmis, and Geminigera form one clade 
with maximum support in the phylogenetic analysis (Fig. 2 and fig. S2). 
A sister group to this clade is formed by H. phi and G. theta. Within 
the Teleaulax/Plagioselmis/Geminigera clade, T. amphioxeia clusters 
with P. prolonga, supporting the hypothesis that these are different 
life cycle stages of the same species. Sister group to T. amphioxeia is 
Teleaulax acuta. Geminigera cryophila clusters together with Plagioselmis 
nannoplanctica. Teleaulax gracilis and Teleaulax minuta are also part 
of this clade.
Ploidy
P. prolonga cultures were denser than T. amphioxeia, as reflected by 
the higher nuclei counts (Fig. 3). Optical profiles of P. prolonga were 
characterized by a fluorescence peak of 885 ± 114 mV (means ± SD, 
n = 479) and total fluorescence of 8888 ± 810 mV, whereas T. amphioxeia 
nuclei profiles exhibited a fluorescence peak of 1700 ± 248 mV 
(n = 176) and total fluorescence of 18475 ± 1703 mV. The total flu-
orescence of T. amphioxeia nuclei is 2.08 times the mean total fluo-
rescence found in P. prolonga nuclei (Fig. 3), supporting the hypothesis 
that P. prolonga is haploid and T. amphioxeia is diploid.
Morphology
Color variation has been observed in cells of both the diploid and 
haploid forms, with live cells varying from reddish brown to olive 
green (Figs. 4, A and B, and 5, A and B). Cell shape varies from 
elongated to more rounded (Figs. 4, A and B, and 5, A and B). During 
exponential growth, the elongated and reddish cells are most prominent, 
Fig. 1. Dynamics of Plagioselmis prolonga and Teleaulax amphioxeia. (A) Dynamics 
of cell abundance of P. prolonga (blue circles) and T. amphioxeia (pink triangles) in 
Roskilde Fjord from March 2016 to November 2017. (B) Dynamics of Rcrypto, the ratio 
between P. prolonga to T. amphioxeia (red triangles), DIN (black circles), and DIP 
(gray circles) concentration for the same period depicted in (A). (C and D) Trajectory 
dynamics between Rcrypto and DIN concentrations in 2016 (C) and 2017 (D). In (A) 
and (B), symbols are the observations, and lines are the 10 days moving average. In 
(C) and (D), dots represent the observations, colored thick lines represent the time 
trajectories estimated from the GAM, and the thick black lines represent the linear 
relationship between DIN and Rcrypto. Trajectories for the 2 years are shown sepa-
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whereas more rounded cells and, occasionally, the greenish color 
appear during stationary phase.
Cells of the haploid P. prolonga stage are 6 to 8 m long and 3 to 
5 m wide (Fig. 4, D and E). Two cell types could be found within 
the cultures, both having an acute antapical end. In one cell type, the 
antapical end is more elongated, resembling a tail (Fig. 4, A, C, and D), 
while in the other, the antapical end is shorter (Fig. 4, B, C, and E). 
All cells bear a prominent ventral furrow (Fig. 4F). The two flagella 
are inserted in a cavity at the right side of the apical end of the furrow 
(Fig. 4F), the dorsal flagellum being longer than the ventral. The cell 
surface is covered by pentagonal or—more commonly—hexagonal 
plates and cover the entire cell surface apart from the antapical end, 
which lacks plates (Fig. 4, G and H). The surface of the antapical 
end is somewhat uneven, with small knobs that indicate ejectosome 
openings (Fig. 4H). Small extrusomes are released from the narrow 
“sutures” between the plates, often at a junction of three plates. 
Holes in the sides of the furrow probably mark points where large 
ejectosomes have been discharged (Fig. 4F). The periplast plates are 
generally slightly smaller along the furrow, the flagellar insertion, 
and anteriorly. The plates appear to be arranged on the right-hand 
side in five to six irregular, oblique horizontal rows (Fig. 4E). On the 
left-hand side of the cell, the plates extend over the cell apex without 
being interrupted by the flagellar canal, in seven to eight rows. 
A prominent longitudinal band extends from the region of the 
antapical end of the furrow to the cell antapex [the so-called 
mid-ventral band of Hill and Wetherbee (12)], typically about 4 m 
in length. The mid-ventral band often terminates a short distance 
before the furrow (Fig. 4H); in other cells, it extends for a very short 
distance along the left side of the furrow, and in other cells again, 
the band dichotomizes at the base of the furrow and extends for a 
short distance along the two sides of the furrow (Fig. 4G). It also 
extends onto the dorsal side but only for about 1 m (Fig. 4I).
The diploid T. amphioxeia stage is very different. The cells are 
8 to 13 m long and 4 to 6 m wide (Fig. 5, D and E). The flagella 
insert near the anterior end of the right-hand side of the furrow 
as in the Plagioselmis stage. The two flagella, however, show re-
versed relative lengths, the ventral flagellum being longer than 
the dorsal (Fig. 5G). The inner periplast is a sheet-like periplast and 
does not show any sign of plates. The surface periplast is papillate. 
The only other feature of the Teleaulax stage that deserves mention-
ing is the presence of a short, curved, mid-ventral band (Fig. 5H). 
In Teleaulax, in contrast to the Plagioselmis stage, the mid-ventral 
band passes in an oblique direction from the antapex and measures 
only ca. 2.5 m in length. In short, the two stages of the life cycle 
differ in size, relative flagellar length, periplast structure, and in 
the paths and lengths of the mid-ventral band (for a summary, 
see table S1).
DISCUSSION
The taxa P. prolonga and T. amphioxeia represent different life 
stages of the same species. This conclusion is based on our observa-
tions on laboratory-grown cultures, congruence of 18S rDNA se-
quences, and different ploidy of the two taxa. We provide evidence 
that P. prolonga is the haploid stage and T. amphioxeia the diploid 
stage of the same life cycle, and most importantly, that these two stages 
show distinct ecological preferences.
Fig. 2. Phylogeny of cryptophytes analyzed by Bayesian inference of 18S rDNA 
sequences. Numbers at nodes represent the posterior probability of Bayesian 
analysis/bootstrap values of maximum likelihood out of 1000 replicates/bootstrap 
values of neighbor-joining out of 10,000 replicates. Not resolved branches and 
branches with support values below 50% are marked with a minus sign (−). The 
scale bar corresponds to three substitutions per 100 nucleotide positions. Colors 
correspond to absorption maxima (i.e., PE545 = green). Branches for freshwater 
species are blue, marine and brackish species are black. Newly sequenced strains 
are in bold. Drawings of cells are not to scale.
Fig. 3. Nuclei fluorescence of P. prolonga and T. amphioxeia. Histograms showing 
the nuclei counts in different classes of total yellow fluorescence (FLY) (proxy for amount 
of DNA) in extracted nuclei of P. prolonga (blue) and T. amphioxeia (pink) cultures 
stained with SYBR green dye. An example of an optical profile for the nuclei of each 
species is also provided, showing the high FLY and low SWS signal (characteristic 
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Taxonomic considerations
The genus Plagioselmis was originally described by Butcher in 1967 
(17) to comprise two species. His description was not valid, as he 
failed to designate one of the species as type [International Code of 
Nomenclature for algae, fungi, and plants; ICN, Shenzhen Code, Art. 7 
(18)]. In 1990, Chrétiennot-Dinet (19) designated P. prolonga as 
type species but failed to give a full reference to Butcher’s descrip-
tion, and her designation is therefore also invalid (ICN. Art. 41.5). 
The first valid description of the Plagioselmis genus was in 1994 by 
Novarino et al. (20), who provided a discussion of the species known 
at the time.
Teleaulax was described in 1991 by Hill (21) with T. acuta as 
type species. This generic name is, therefore, older than the first 
valid publication of the genus Plagioselmis from 1994. After finding 
that P. prolonga is the haploid stage of the life cycle of T. amphioxeia, 
the correct name for the species is T. amphioxeia, and P. prolonga is 
a synonym. T. amphioxeia is thus composed of two morphotypes, 
the diploid stage (T. amphioxeia) and the haploid stage, which we 
suggest calling the Plagioselmis stage of T. amphioxeia.
Dimorphism in the cryptophytes
Hill and Wetherbee (12) were the first to show, in P. sulcata, a cryp-
tomonad life cycle comprising two morphologically different stages. 
One morphotype was larger (9 to 14 m), with a sheet-like periplast, 
and the other was slightly smaller (7.5 to 10.5 m), with a periplast 
consisting of hexagonal plates. The DNA content of the larger mor-
photype was twice that of the smaller morphotype, indicating that 
the two morphotypes, one diploid and one haploid, were different 
life stages of a complex life history.
On the basis of identical molecular sequences, Hoef-Emden et al. 
(14) found another dimorphism in species of what used to be con-
sidered two separate genera, Cryptomonas and Campylomonas. Like 
the two morphotypes of P. sulcata, the authors found that one 
Fig. 4. P. prolonga morphology. (A) Lateral view of P. prolonga with the tail (t), 
nucleus (nu), ejectosomes (ej), pyrenoid (py), and flagellum (fl). (B) Lateral view of 
P. prolonga without the tail, with chloroplast (chl), ejectosomes, and flagella. (C) Draw-
ings of P. prolonga cell with the tail (left) and without the tail (right). (D) Lateral view 
with part of the surface periplast component (SPC). (E) Lateral view showing the 
inner periplast component (IPC) and tail; note the hexagonal periplast plates of the 
IPC and the ventral flagellum (vfl), which is shorter than the dorsal flagellum (dfl). 
(F) Ventral view of a cell without tail. The furrow (fu), IPC, flagella, and the mid-ventral 
band (mvb) are visible. (G) Closeup of (C) with detail of the mid-ventral band that 
bifurcates at the base of the furrow. (H) The mid-ventral band terminates before 
reaching the furrow and does not bifurcate. (I) Detail of the posterior end of a cell 
without tail. There are no hexagonal plates at the posterior end, and the mid-ventral 
band extends onto the dorsal side of the cell (arrow). (J) Detailed view of the peri-
plast; the particles are probably part of the SPC. (K) Detailed view of the IPC. Scale 
bars are 10 m (light microscopy) and 1 m [scanning electron microscopy (SEM)]. 
Anterior of all cell oriented upwards.
Fig. 5. T. amphioxeia morphology. (A) Lateral view of elongated T. amphioxeia cell 
with olive-brown color with chloroplast, refractosome (rf), pyrenoid, and ejecto-
somes. (B) Lateral view of a more round T. amphioxeia cell, more reddish in color 
with chloroplast and refractosome. (C) Drawing of T. amphioxeia surface characters. 
(D) Ventral and lateral view of cells with intact SPC with a papillate structure (fixation 
with Lugol’s solution), furrow, and mid-ventral band that is almost lateral at the 
antapical end. (E) View from lateroposterior on the cell with SPC showing the short 
mid-ventral band. (F) Dorsal view of the cell with sheet-like IPC (fixation with OsO4). 
(G) Ventral view showing the furrow and ventral flagellum that is longer than the 
dorsal flagellum. (H) Detail of the antapical end with the mid-ventral band, which 
is short and curved and does not extend to the furrow. (I) Detail of the cell surface 
SPC visible in fixation with Lugol’s solution. (J) Detail of the cell surface IPC in fixa-
tion with OsO4. Scale bars are 10 m (light microscopy) and 1 m (SEM). Anterior of 
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morphotype had an IPC consisting of hexagonal plates (Cryptomonas- 
like, termed cryptomorph), while the other had a sheet-like IPC 
(Campylomonas-like, termed campylomorph). Although not investi-
gated, it is likely that the two morphotypes of the same species also 
involve a nuclear phase change.
Here, we provide a third example of a true dimorphism in the 
cryptomonads. Similar to both P. sulcata and the species in the genus 
Cryptomonas, one morphotype of T. amphioxeia is larger with a 
sheet-like IPC, and the other is smaller with an IPC consisting of 
hexagonal plates (Figs. 4 and 5). Consistent with the case of P. sulcata, 
the larger stage has twice the DNA of the smaller stage (Fig. 3) and 
is thus the diploid morphotype, and the smaller is the haploid 
“Plagioselmis stage.”
Recently, another cryptophyte with a suspected dimorphism 
(Baffinella frigida) was described from the Arctic by Daugbjerg et al. 
(22). This species was covered by hexagonal plates. Another strain 
(CCMP-2293) had identical small subunit DNA sequences but twice 
as much DNA as B. frigida. It was speculated that this other strain is 
a diploid stage which, based on the other examples of dimorphism, 
may have a sheet-like IPC, but this was not examined.
By extrapolation of the four cases of cryptomonads with dimor-
phic life cycles above, one may speculate that other genera described 
with a sheet-like periplast not divided into plates, such as G. cryophila, 
H. phi, and Storeatula major, are likewise diploid stages. Genera with 
plates include Cryptomonas, Rhodomonas, Rhinomonas, Chroomonas, 
Komma, Falcomonas, and Hemiselmis. Judging from pigmentation, 
the haploid stage of Storeatula may belong to Rhinomonas, as suggested 
by Majaneva et al. (15), as it resembles Rhinomonas in pigmentation and 
lack of a furrow. The haploid stage of Geminigera could perhaps be 
another species of Plagioselmis, since both have three thylakoid lamellae 
in the chloroplasts. In our phylogenetic analysis, P. nannoplanctica 
clusters together with G. cryophila. However, P. nannoplanctica is a fresh-
water species found in the Northern Hemisphere, while G. cryophila 
is a marine species from Antarctica. Thus, they seem unlikely to be 
two forms of the same life cycle. The haploid stage of H. phi may be a 
yet undiscovered form of the genus Guillardia, as the two genera 
consistently form a clade in molecular trees (10).
Cryptophyte life cycle
In our laboratory cultures, the change from T. amphioxeia to P. prolonga 
(meiosis) was observed twice in the Roskilde strains. The change 
from P. prolonga to T. amphioxeia (fusion) was never observed in 
culture, but gamete fusion in cryptophytes has been observed for 
Cryptomonas sp. (23, 24) and Chroomonas acuta (25). The authors 
noted that fusion could start when caudal tips of two cells touch, but 
usually plasmogamy starts when the posterior tip of one cell touches 
the mid-central region of another cell—that is at the furrow. Notably, 
the described and putative haploid forms (P. prolonga and B. frigida) 
have two cell types, one with a short antapical end and the other with 
a prolonged antapical end (sometimes called a tail). If one assumes 
that the process of fusion, as described by Kugrens and Lee (25), is 
universal among cryptophytes, one can speculate that the cells with 
the tail are “+ cells,” and cells with short ends function as “− cells” 
during the fusion process. The mid-ventral band, as well as the batteries 
of ejectosomes at the posterior end, might have a function in the fu-
sion process. When studied in thin sections, this antapical area of the 
Plagioselmis stage was found to be packed with ejectosomes (20). 
The mid-ventral band is a feature that has been described for crypto-
phyte species with plated IPCs (as P. prolonga). The band is much 
less developed or even absent in the Teleaulax genus (16), similarly 
to P. sulcata, in which the mid-ventral band is featured only in the 
haplomorph (12). Those observations corroborate a potential role 
of the mid-ventral band during fusion of cells.
The ecological context of the cryptophyte life stages
Sexual reproduction is common in eukaryotes and likely evolved 
only once in the last common ancestor to all eukaryotes (26). How-
ever, for many taxa, sexual reproduction has never been reported, 
and it is generally assumed that sexual reproduction is more costly 
than asexual reproduction (27). Thus, it is a conundrum as to why 
sex persists in stable environments where the adaptive advantages 
of sex are not obvious (28). Many single-celled organisms shift to 
sexual reproduction when starved or stressed (29). This could ex-
plain why sexual reproduction and life cycle changes are rare under 
culture conditions and why the trigger from one stage to another 
has not been determined yet in the laboratory.
Both the haploid Plagioselmis stage and the diploid Teleaulax 
stage in this study reproduce mitotically in culture. The life cycle is 
haplodiplontic, and in contrast to what was believed until recently, 
the same has now been found to apply to many haptophytes and 
choanoflagellates (13, 30, 31). Overall, haplodiplontic life cycles are 
generalized as an adaptation to a variable environment and would 
allow a species to occupy more than one niche (32). In coccolitho-
phores, haploid and diploid phases are associated with different 
calcification modes (13), and changes in the life phase can be induced 
depending on the magnitude of stressors (i.e., changes in nutrient and 
temperature regimes) to which cells are exposed (33). In Phaeocystis 
globosa, flagellate cells (haploid) are more prone to grazing but are 
better competitors for nutrients than the colonial forms (diploid). 
This correlation is reflected in the distribution patterns of the two 
morphotypes, with the flagellate form occurring in waters poorer in 
nutrients than the colonial ones (31).
Until now, the interaction between the two life cycle stages of 
cryptophytes in nature has remained unknown. In natural populations 
of Roskilde Fjord, both the haploid Plagioselmis stage and the diploid 
Teleaulax stage of T. amphioxeia are observed year round; however, 
the relative importance of the two forms changes throughout the year. 
The diploid form dominates during winter, when DIN concentrations 
are high and grazing is reduced, while the haploid form increases in 
relative abundance during late spring and summer, when DIN 
decreases to potential limiting concentrations and grazing pressure 
is high [Fig. 1; (34)]. Although other factors (i.e., temperature and 
irradiance) also change during the same period, it is important to 
highlight that the changes from T. amphioxeia to P. prolonga ob-
served in cultures occurred in cells kept under constant temperature 
and light. Therefore, we speculate that either nutrient limitation or 
an increase in pH due to CO2 limitation could trigger the changes in 
life cycle stages. Considering that the changes in cultures were ob-
served a while after maximum cell abundances were reached (when 
pH is the highest), we believe that nutrient depletion was likely 
more significant than an effect of pH. In addition, the cultures lost 
their typical reddish coloration, and a reduction of cell size was ob-
served, consistent with previously reported effects of N-limitation 
on cryptophytes (35). In addition to the fact that the relative pro-
portion of haploid and diploid stages in the field did show a signifi-
cant correlation to DIN but not to DIP (Fig. 1B and fig. S1), evidence 
suggests that N-limitation could be a trigger for changing life cycle 
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Changes in the predominant life form might be an ecological 
strategy to cope with resource availability and grazing pressure, as 
the smaller Plagioselmis form has a higher surface-to-volume ratio, 
optimizing nutrient uptake, and shows a faster growth rate than the 
diploid form, thus possibly enabling this stage to cope more effectively 
with intense grazing. The fact that both haploid and diploid popula-
tions coexist throughout the year indicates that sexual reproduction 
might occur frequently. In addition to this work, the co-occurrence 
of P. prolonga and T. amphioxeia has been reported in other studies as 
well. Hill (36) reports both forms in all seasons in the western Baltic Sea 
(Belt Sea and Kattegat), with P. prolonga abundant in all seasons except 
in winter. T. amphioxeia was less abundant, but it was also observed in 
the Gulf of Finland. In the Gulf of Naples, P. prolonga was reported as 
one of the main cryptophyte species, occurring all year round at low 
cell densities but also, on one occasion, forming a spring bloom (1).
The occurrence of T. amphioxeia in all seasons might be because 
of their production of phycobiliproteins (PE545) combined with the 
haplodiplontic life cycle. Phycobiliproteins function as light-harvesting 
complexes, capturing light energy and transferring it onto the chloro-
phylls during photosynthesis (37). This allows the organisms to thrive 
in the temperate winter, when light levels limit the growth of most 
species. During this time, inorganic nutrients are abundant, and 
grazing is low (38). For B. frigida, PE545 (phycoerythrin 545) was 
produced when cells were exposed to low light intensities, whereas 
under higher light intensity, the cells were green and did not show 
the PE545 peak (22), illustrating the advantages of PE545 under low 
light. Furthermore, PE545 is also hypothesized to be a N reservoir, as 
the molecule is N-rich. When cells are N-limited, PE545 is consumed, 
causing cells to change color from reddish to a more greenish tone (35). 
We hypothesize that the haplodiplontic life cycle provides the flexi-
bility to endure adversity (nutrient limitation, high grazing, and changes 
in temperature and light) by changes in cell size and by always en-
suring genetic flexibility in the population. This partly explains the 
species habitat range, spanning over a wide range of temperatures, 
salinities, and nutrient availability (e.g., Baltic and Mediterranean 
Sea). The Plagioselmis form seems to predominate in nutrient-poor 
waters (Gulf of Naples; Kattegat) in contrast to areas where inorganic 
nutrients are seasonally abundant (Roskilde Fjord and Gulf of Finland) 
and T. amphioxeia might be more important. This ecological flexibility 
could also explain why specialist grazers such as M. rubrum rely on 
Teleaulax as prey, which will often be present despite their usually 
low relative abundance in the natural environment.
We conclude that P. prolonga is the haploid life cycle stage of the 
cryptophyte species T. amphioxeia and should thus be referred to as the 
Plagioselmis stage of T. amphioxeia. We determined the two taxa to be 
the same species because of a change of morphology in culture and 
congruent 18S rDNA sequences. We conclude that one is the haploid 
form of the other because the Plagioselmis stage contains half the DNA 
of T. amphioxeia. As more dimorphisms are found in both known and 
still-undescribed species, future studies are likely to synonymize more 
species. The frequency and role of sexual reproduction in protists re-
main enigmatic, especially in natural environments. Here, we provide 
an ecological perspective to the change between forms. The dimorphic 
life cycle of T. amphioxeia may explain its persistence and success, as the 
smaller haploid form appears to dominate during periods of increased 
grazing pressure and lower nutrients. In future studies, ecological per-
spectives like the one presented here may provide valuable knowledge 
on the frequency and role of sexual reproduction in protists in their 
natural environments, something that is presently poorly understood.
MATERIALS AND METHODS
Experimental design
Environmental water samples (2 liters) were taken approximately 
daily between February 2016 and November 2017 at the surface of a 
fixed station (55°41′30.19″N, 12°04′55.24″E) located in Roskilde 
Fjord, Denmark. Samples were brought to the laboratory shortly after 
sampling (10 to 20 min.), where live samples of phytoplankton were 
analyzed by a pulse-recording flow cytometer CytoSense (CytoBuoy, 
The Netherlands). Samples were also analyzed weekly for DIN and 
DIP (PO43−) on a Scan++ Continuous Flow Analyzer (Skalar Analytical 
B.V., Breda, The Netherlands) following the methodology described 
in (39). DIN was calculated as the sum of measured NO2−, NO3−, 
and NH4+.
For phytoplankton enumeration, 500 to 1000 l of live samples 
were analyzed with CytoSense [at a flow rate of 8 l s−1 and a trigger 
level of 30 mV for the FLR (red fluorescence) sensor]. For each particle, 
signals are acquired from multiple detectors as the particle or cell travels 
through the laser beam focus, originating an optical profile. Optical 
profiles were obtained by the software CytoUSB (cytobuoy.com) and 
used to identify populations with similar optical properties (clusters). 
Here, we focused on the cryptophyte clusters [characterized by high 
orange fluorescence (FLO) relative to FLR] identified as T. amphioxeia 
and P. prolonga. They were further distinguished from each other 
by lower intensities of FLR, FLO, and FWS (forward scatter, indicating 
smaller size) of P. prolonga compared to T. amphioxeia and by their dis-
tinct optical profile shapes: a pronounced shoulder on the scatter-
ing signal for T. amphioxeia while more regular in P. prolonga 
(fig. S3). Identification of the clusters was confirmed by pictures 
taken by CytoSense and by periodic sample observation in the light 
microscope.
In those samples, cryptophytes were always present and dominated 
total phytoplankton biomass in different periods (34). Cultures were 
established for species identification. For one T. amphioxeia iso-
late, a change in morphology was observed when cultures were left 
undisturbed for an extended period (approximately 1.5 months), 
with cells losing the characteristic reddish coloration, decreasing in 
size, and becoming more rounded. After culture replication, cells 
recovered their typical color and hyaline tail but did not recover in 
size. After close inspection under the light microscope, it was con-
firmed that the morphology had changed from T. amphioxeia to 
P. prolonga. Life form change in our cultures was also indicated by an 
increase in growth rates, as under the same conditions, P. prolonga 
cultures needed to be transferred more often than T. amphioxeia. In 
addition, P. prolonga cultures sustained higher cell densities with-
out signs of stress (i.e., change in coloration) for longer periods than 
T. amphioxeia. The life form change was observed twice, indicating that 
T. amphioxeia and P. prolonga are not two distinct species but dif-
ferent life cycle stages of the same species. This potential dimorphism 
was verified by sequencing of rDNA and investigating cell morphology 
and ploidy. Detailed information on the methods used for DNA ex-
traction, polymerase chain reaction, sequencing, ploidy determination 
and morphology studies, and CytoSense specifications can be found 
in Table 1, Supplementary Materials and Methods, and table S2.
Statistical analysis
To examine the hypothesized relationship of life-cycle stage to DIN, a 
semi-parametric GAM was used to determine the abundance ratio 
between P. prolonga and T. amphioxeia (40). The GAM included a 
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departure from this relationship over time. For visualizing the time 
trajectory, a smoothed version of the DIN time trend was scored with 
the GAM. Both DIN and abundance ratios were log-transformed 
before analysis to address the inherent scale dependency in the data, 
and results from the GAM approach were back-transformed for visual-
ization. Note that only data on cell abundances (cells per milliliter), 
rather than biomass, were compared in this study, as the larger size 
of T. amphioxeia would inflate their relative importance and mask 
dynamics of P. prolonga.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/37/eabb1611/DC1
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